tide containing the core sequence RKKRRQRRR (resiHere, EPR spectroscopy was used to identify amino dues 49-57), whereas the markers for specific complex acids, flanking an essential arginine of the Tat proformation were absent in the presence of a mutant peptein, which contribute to specific and rigid TAR- Tat 
Introduction creases in mobility at U23 and U38 were observed in the presence of the wild-type peptide in comparison The transactivation responsive (TAR) RNA is the 5#-with argininamide or mutant peptide binding. Hence, leader sequence of the HIV-1 mRNA genome and inboth EPR and NMR spectroscopy [29] indicate that in teracts with the Tat protein during transcription [1] . TAR addition to arginine 52, amino acids present in the wildand Tat bind to cyclin T1 (CycT1) and cyclin-dependent type peptide that are not present in the mutant peptide kinase 9 (CDK9) as part of the positive transcription are responsible for the increased specificity in molecuelongation factor (P-TEFb) complex to counter the eflar recognition. fect of negative elongation factors [2] and promote effiAlthough there is substantial evidence for the particicient transcription of the full-length HIV genome [3] . In pation of the amino acids flanking the essential arginine the absence of the TAR-Tat interaction, viral transcrip-52 in formation of the rigid complex, the structural role tion is inefficient [4] , which makes the TAR RNA-Tat proof individual amino acids in the flanking regions has not tein complex an important target for therapeutic interbeen identified. One reason is that it is not possible vention of HIV replication [5, 6] .
to measure the contribution of individual amino acids A duplex stem containing a trinucleotide bulge has toward TAR-Tat complex formation by traditional mutabeen identified as the Tat binding region of the TAR genesis and binding assays due to the similar binding RNA ( Figure 1A ) by numerous studies utilizing electroaffinities of the mutant and wild-type Tat-derived pepphoretic mobility shift assays to examine the effect of tides. It is possible to use solution NMR spectroscopy RNA mutagenesis on complex formation [7] [8] [9] [10] [11] [12] . The of isotopically labeled RNA, but screening individual basic domain of the Tat protein spanning residues 47-amino acids would be costly and labor intensive. In 57 has been identified as the TAR RNA binding region contrast, EPR spectroscopy only requires small quantiin a similar manner [7, 8, 13, 14] . In particular, arginine ties of material (0.1-2 nmol per sample), has short data 52 (R52) has been identified as a critical amino acid for acquisition times (typically 1-2 hr per sample), and is TAR-Tat complex formation [15-17]. Mutation of several sensitive to variations in RNA structure and internal dyresidues flanking R52 to lysine resulted in minimal loss namics upon binding to different ligands [35, 36] . Therefore, EPR spectroscopy of site specifically spinlabeled RNA offers an efficient method for identifying *Correspondence: snorrisi@hi.is amino acids responsible for rigid RNA-protein commolecular recognition (Figure 2 ). Given the sequences of the wild-type and Tat I peptides, candidate amino plex formation.
acids that could provide the observed increase in specHere, we describe the use of EPR spectroscopy to ificity [34] are glycine 48, arginines 49, 53, 55, 56, and determine which amino acids in the basic region of the 57 and glutamine 54. Peptide II was designed to test Tat protein are responsible for the observed decreases the influence of residues on the N-terminal end, in U23 and U38 mobility in the wild-type TAR RNA-Tat whereas peptides III and IV were designed to test the peptide complex. Changes in nitroxide spin-label mocontribution of amino acids on the C-terminal end. In bility, which have been shown to correlate with differaddition, peptides V, VI, VII, and VIII were prepared to ences in nucleotide mobility [37] , were investigated at test the influence of single arginines at C-terminal resifour RNA sites upon incubation with a series of Tatdues 53, 55, 56, and 57, respectively, by mutation to derived mutant peptides. Our results indicate that mulysine. In the presence of these peptides, changes in tations in the C-terminal end of the Tat basic region, U25 mobility were similar to those previously observed but not the N-terminal end, interfere with wild-type RNA [34] showing TAR-Tat complex formation with the mudynamics in the TAR-Tat complex, and that specifically, tant peptides ( Figure 3 ). In addition, changes in U40 arginine 56 most prominently contributes to U38 immomobility were also consistent with previous results [34] , bilization. These results are presented in the context of although peptides II-VIII resulted in increased spectral known structural and transcriptional data. width (2-5 G) relative to the wild-type peptide ( Figure  3 ). However, no clear trends emerged among these mutants, and thus these minor differences were not invesResults tigated further.
Experimental Design EPR Spectral Analysis

Recently, we developed a general and efficient method
Typically, three types of motion can be studied by EPR to site specifically incorporate nitroxide spin-labels into spectroscopy [32] . First, the probe can move indepennucleic acids [37] in order to facilitate the study of ligand-induced RNA conformational changes by EPR spectroscopy [33-36, 38-40] in a manner analogous to studies currently being performed for proteins [41] [42] [43] [44] . Four TAR RNAs were prepared such that each contained a nitroxide spin-labeled nucleoside within the Tat binding region (Figure 1) . We previously showed that spin-labels at these sites have little effect on TAR-Tat binding affinity by native gel electrophoresis [34] . In addition, titration of the Tat wild-type peptide to U40 spinlabeled RNA revealed changes in the EPR spectral width up to 1 equivalent of peptide (0.2 mM), after which no further changes were observed until line broadening was observed at 0.7 mM concentration of peptide. These results indicate complete and specific binding at the lower peptide concentrations, but non- to the expected global dynamics of the complex [34] . replacement mutation at R53 (V), R55 (VI), or R57 (VII) increased U38 internal dynamics relative to the wildMutation of G48 and R49 to lysine in the N-terminal end of the Tat protein basic region did not affect U38 type peptide. Much more dramatic was the observed mutation of R56 to lysine, which changed the mobility dynamics in the TAR-Tat complex (peptide II, Figure 5) . Removal of the three C-terminal arginine residues (55-of the U38 spin-label to a degree similar to peptide I (⌬2A zz = +2.2 G, τ R = 3.0 ns, and M s = 0.26). 57, peptide III) produced EPR spectra and hence nitroxide dynamics similar to that observed for the mutant The U38 spectra in the presence of mutant peptides V, VI, VII, and VIII appear to contain two components (I) state, as did mutation of the five residues on the N-terminal side of R52 to lysine (IV). Individual lysine ( Figure 5 ). On first inspection, the two states closely Figures 4 and 5) . The most striking result was observed upon mutation at R56, which increased the internal dyflexible and the rigid state did not give a good fit to the experimental data. Double mutation of both amino namics of U38 nearly 10-fold, relative to the effect of the wild-type peptide. Thus, the R56 mutation yielded acids 55 and 56 to alanine [18] or glutamine [14] drastically reduced transcription activation (at least 15-fold a spectrum similar to that obtained for the Tat peptide I, indicating that R56 forms key contacts in the rigid in each case); however, mutation to lysine had virtually no effect on transcription activation [18]. Therefore, it wild-type complex. Although we describe these changes in dynamics as local effects, we cannot rule out the would appear that the EPR results for U38, which show the strongest effect for the R56K mutation, do not dipossibility that some of the observed changes in motion arise from movement of the probe independent of rectly corroborate the transcription studies. However, more recent studies in which peptides were selected in the RNA or from global motions of individual domains. Regardless of the source of these motions, however, vitro to bind to the TAR RNA have revealed that peptides with an arginine residue at position 56 appear to the RNA dynamics can be used as a structural indicator to identify specific amino acids that are important for consistently perform 2-to 3-fold better in transcription activation studies than peptides with lysine or another the RNA-protein complex formation.
Inspection of the U38 EPR spectra reveals that pepamino acid at this position [52, 53] . In the absence of a high-resolution structure for the tides V and VI contain a flexible and a rigid component, each of which has similar features to peptide I and the TAR-Tat complex, one can only speculate about the structural origin of the dramatic effect that R56K has on wild-type peptide, respectively ( Figure 5 ). In fact, the individual spectra for peptide I and the wild-type pepthe dynamics of U38. However, inspection of the NMR solution structures of the Tat protein [20-22] provides tide can be summed to produce an excellent fit ( Figure  6 ). For peptide V, w70% of the sample is in the rigid clues about the structural origins of this effect. The NMR Tat structures show some structural variation, but complex and w40% for peptide VI. The U38 spectra of peptides VII and VIII seem to contain a rigid and a flexiall demonstrate that the basic region forms one face of the protein surface (Figure 7 ). More specifically, this ble component; however, the fittings for these spectra were poor, indicating that these samples do not contain face spans residues 52-57, suggesting that these might form an RNA binding surface; furthermore, this struca simple mixture of the flexible and the rigid complex as was observed for peptides V and VI, but that peptural element supports the observation that the N-terminal residues 48 and 49 do not contribute to rigid tides VII and VIII adopt more complex structures and mation. This study highlights the utility of EPR spectroscopy for identifying critical residues in the EPR Spectroscopic Analysis formation of dynamic macromolecular complexes.
EPR spectral widths (2A zz ) were measured directly from the spectra in WIN-EPR and span the crest of the low field peak (i.e., the outermost point where the slope of the spectrum is w0) to the trough of Experimental Procedures the high field peak with an error between sample preparations as well as the measurement itself of 0.3 G (Figure 3 ). Spectra were Preparation of RNA Unmodified and 2#-NH 2 -modified RNAs were purchased from further analyzed using MATLAB. The extent to which the rigid and flexible components were present in several multicomponent EPR Dharmacon Research, Inc (Lafayette, CO). Spin-labeled RNAs were prepared as previously described by reaction of 4-isocyanato spectra was determined by least squares optimization of the fit from the two component spectra. The spectra for the wild-type and TEMPO with 2#-NH 2 -modified RNA (Figure 1) , followed by denaturing polyacrylamide gel purification [ 
